Background: Previous studies have not shown a consistent link between body mass index (BMI) and outcomes such as mortality and kidney disease progression in non-dialysis-dependent chronic kidney disease (CKD) patients. Therefore, we aimed to complete a systematic review and meta-analysis study on this subject. Methods: We searched MEDLINE, EMBASE, Web of Science, Cumulative Index to Nursing and Allied Health Literature (CINAHL), and Cochrane Central Register of Controlled Trials (CENTRAL), and screened 7,123 retrieved studies for inclusion. Two investigators independently selected the studies using predefined criteria and assessed each study's quality using the Newcastle-Ottawa quality assessment scale. We meta-analyzed the results based on the BMI classification system by the WHO. Results: We included 10 studies (with a total sample size of 484,906) in the systematic review and 4 studies in the meta-analyses. The study results were generally heterogeneous. However, following reanalysis of the largest reported study and our meta-analyses, we observed that in stage 3-5 CKD, being underweight was associated with a higher risk of death while being overweight or obese class I was associated with a lower risk of death; however, obesity classes II and III were not associated with risk of death. In addition, reanalysis of the largest available study showed that a higher BMI was associated with an incrementally higher risk of kidney disease progression; however, this association was attenuated in our pooled results. For earlier stages of CKD, we could not complete meta-analyses as the studies were sparse and had heterogeneous BMI classifications and/or referent BMI groups. Conclusion: Among the group of patients with stage 3-5 CKD, we found a differential association between obesity classes I-III and mortality compared to the general population, indicating an obesity paradox in the CKD population.
Introduction
Obesity is a major risk factor for cardiovascular disease and death in the general population [1, 2] . It is also associated with a higher risk of de novo chronic kidney disease (CKD) and end-stage renal disease (ESRD) [3] [4] [5] . However, once ESRD is developed, obesity is paradoxically associated with greater survival [6] . This phenomenon is been described as the 'obesity paradox', and it has been observed in certain populations such as in incident hemodialysis patients, hospitalized patients, elderly nursing home residents, and those with stroke and chronic heart failure [6] [7] [8] [9] [10] [11] [12] [13] [14] . This reversal of the obesity-mortality association has been particularly robust in hemodialysis patients [6, 15, 16] , and it is also observed in peritoneal dialysis patients over the short term [17] [18] [19] . Nevertheless, current evidence has not provided a consistent link between obesity and clinical outcomes in non-dialysis-dependent (NDD) CKD patients. Hence, we aimed to complete a systematic review and meta-analysis of the association of the body mass index (BMI), an indicator of obesity, with mortality and progression to ESRD in this population.
Methods

Search Strategies
We searched for studies investigating the link between BMI and mortality in all CKD patients including those with NDD CKD. We searched MEDLINE (PubMed), Web of Science, EMBASE, Cumulative Index to Nursing and Allied Health Literature (CINAHL), and Cochrane Central Register of Controlled Trials (CENTRAL) with no limitation in the study type, language, and geographical area. Detailed search strategies are explained in a previous article (online suppl. table 1; see www.karger.com/doi/10.1159/000437277 for all online suppl. material) [20] . The corresponding authors of all included studies as well as two field experts (C.P.K. and K.K.Z.) were consulted to identify any unidentified relevant study.
Study Selection
After removal of the duplicated records using EndNote software (Thomson Reuters, New York, N.Y., USA), two investigators (S.F.A. and G.Z.), blinded to the study authors and journals, independently screened the studies for inclusion. The included studies were required to describe data from case-control, cohort, or clinical trial studies, and to study the association of either baseline BMI or change in BMI with all-cause mortality in NDD CKD patients. We excluded the studies with mixed NDD CKD and dialysis patients as well as the studies with a sample size <1,000, as small studies are more likely to be influenced by publication (reporting) bias. Any discrepancies between the two reviewers on study eligibility were resolved by discussion and consensus.
Data Abstraction and Quality Assessment
We extracted and tabulated the main characteristics and findings of the included studies ( table 1 ; online  suppl. tables 2 and 3) . In addition to all-cause mortality, we also extracted the summary estimates of progression to ESRD (i.e. the start of the dialysis therapy) when available. The corresponding authors of the studies with incomplete data were contacted in order to request further data. To assess the quality of the included studies, two investigators (S.F.A. and E.A.) independently applied the Newcastle-Ottawa quality assessment scale [21] assigning a quality score of 0-9 to each study (online suppl. table 4). The quality score was based on three major components: selection of study participants (0-4 points), quality of the adjustment for confounding (0-2 points), and ascertainment of the exposure or outcome of interest in case-control studies or cohorts, respectively (0-3 points). The maximum score was 9 points, representing the highest methodological quality. Disagreements in the scores were resolved by discussion and consensus.
Data Analysis and Synthesis
We quantified the interrater agreement for study selection and quality assessment. For meta-analyses, we pooled the summary estimates representing the association of BMI (a priori outcome) or progression to ESRD (post hoc outcome) with mortality. We assessed statistical heterogeneity using the I 2 statistic. Summary estimates with a corresponding I 2 ≤ 25% were pooled using fixed-effects meta-analysis while those with a corresponding I 2 >25% were pooled using the random-effects model. The risk of publication (reporting) bias was assessed using Begg's test and funnel plots. Statistical significance was defined as a 95% confidence interval with no overlap with the null effect value [hazard ratio (HR) = 1]. For statistical procedures, we used Stata 12 (StataCorp, College Station, Tex., USA).
Results
We retrieved 7,123 citations in total, removed the duplicated records, and screened the remaining records for inclusion based on their titles and/or abstracts. Afterwards, we evaluated a subset of 442 citations based on their full-text article ( fig. 1 ). Finally, we included 10 studies examining the association of BMI with mortality in NDD CKD patients ( table 1 ) [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . The included studies comprised cohorts from preexisting registry data that reported HRs of mortality from Cox regression models [22-28, 30, 31] or restricted cubic spline analysis [29] . Also, Newcastle-Ottawa Scale scores of 7 or 8 out of 9 indicated a low risk of bias across the included studies ( table 1 ). Interrater agreement was 94% (kappa: 0.77) for study selection and 90% (kappa: 0.82) for quality assessment.
Association of BMI with Mortality
The included studies were diverse in terms of their BMI classification and referent BMI class. Here, we use the WHO BMI classification system [32] for ease of reading. Four studies examined stage 3-5 CKD [22, 24, 26, 27] . The largest study by Lu et al. [22] used obesity class I as the referent group and observed a U-shaped relationship between BMI and risk of death. Dalrymple et al. [27] observed that being underweight was associated with a higher mortality rate, but did not detect a significant association between being overweight or obese and mortality. The two remaining studies reported no significant association [24, 26] .
Another three studies examined stage 3-4 CKD. Babayev et al. [23] used combined underweight, normal BMI, and overweight status as its referent and observed a higher risk of death in obesity class I but a similar risk in combined obesity classes II/III. Ricardo et al. [25] divided the normal BMI class into two subclasses and observed that the low-normal BMI is associated with higher all-cause and cardiovascular mortality. Weiner et al. [31] examined BMI change in lieu of baseline BMI, and found that increased BMI was associated with a lower risk of death.
Kramer et al. [28] examined stage 1-4 CKD and linked only obesity class III with higher mortality. However, they excluded underweight patients from analyses and set the over- to the 1st BMI quartile, higher BMI quartiles were not associated with any significantly different mortality eGFR = Estimated GFR; RRT = renal replacement therapy; AA = African-American; W = White; CVD = cardiovascular disease; DM = diabetes mellitus; CHF = chronic heart failure; yo = years old; HTN = hypertension; CHD = coronary heart disease; UACR = urine albumin-to-creatinine ratio; MA = Mexican-American; GN = glomerulonephritis; MAP = mean arterial pressure; N/A = not assessed. weight class as their referent group. They also linked high waist circumference to higher mortality. Obermayr et al. [29] observed that among patients with stage 1-3 CKD, the association of BMI with cardiovascular mortality is U-shaped in those with higher glomerular filtration rates (GFRs) or no proteinuria; however, there was an inverse association between BMI and mortality risk in those with lower GFRs and proteinuria. Finally, Madero et al. [30] found no BMI-mortality association in nonunderweight CKD patients.
Association of BMI with Progression to ESRD
Not all included studies evaluated the risk of progression to ESRD as it was not an a priori outcome. Among the studies of stage 3-5 CKD, Lu et al. [22] reported that being underweight, normal, or overweight (reference: obesity class I) was associated with a lower risk of ESRD. However, obesity class II or higher (i.e. BMI ≥ 35) was not associated with a significantly different risk. Dalrymple et al. [27] linked being overweight or obese to a higher risk of ESRD. Muntner et al. [24] and De Nicola et al. [26] reported no significant association. Also, in stage 3 and 4 CKD, Babayev et al. [23] did not observe a significant association. The other included studies did not evaluate the risk of progression to ESRD. 
Reanalysis of the Data by Lu et al.
As the study by Lu et al. [22] was large (n = 453,946), with 'obesity class I' as its referent group, we reanalyzed their data using the same analytical approach, however, this time with 'normal BMI' as the referent group. Compared to having a normal BMI, being underweight was associated with a higher risk of death; in addition, all overweight and obese groups were associated with lower risks of death except for extremely obese patients (i.e. BMI ≥ 50) in whom risk of death was not significantly different. For progression to ESRD, the BMI-outcome association was grossly linear, and overweight/obese groups were associated with a higher risk. For the underweight group, the association did not reach statistical significance ( fig. 2 ; online suppl. table 5).
Meta-Analysis of Study Results
Given that the studies used heterogeneous BMI classifications, we requested further results based on the WHO classification system [32] . We obtained and pooled additional results from 4 studies [22, [24] [25] [26] . Our meta-analyses showed that, compared to normal BMI, being underweight was associated with higher mortality, and being overweight or obese class I was associated with lower mortality; also, obesity classes II and III were not associated with a significantly different mortality risk ( fig. 3 ) . For progression to ESRD, not all HRs were significant except for obesity class III; however, when the weight in the study of Lu et al. [22] was limited to 50% and other study weights were adjusted accordingly, this association became nonsignificant ( fig. 4 ; online suppl. fig. 6a-e) . Finally, Begg's tests did not find evidence of publication bias (online suppl. fig. 7a-e) .
Discussion
We generally observed heterogeneous findings across the included studies. However, reanalysis of data from Lu et al. [22] and our meta-analyses showed that in stage 3-5 CKD, being underweight was associated with a higher risk of death while being overweight or obese class I was associated with lower risk; however, obesity classes II and III were not asso- Progression to ESRD All-cause mortality Fig. 2 . Reanalysis of the data of the largest included study by Lu et al. [22] showed a survival advantage of obesity in patients with CKD stages 3-5, whereas higher BMI classes were associated with incrementally higher risks of progression to ESRD. ciated with a significantly different risk of death. In addition, reanalysis of the largest included study showed that a higher BMI was associated with an incrementally higher risk of disease progression; however, this association was attenuated in our pooled results. For earlier stages of CKD, we could not complete meta-analyses as the studies were sparse and had heterogeneous BMI classifications and/or referent BMI groups. Nevertheless, a high-quality study of stage 1-3 CKD by Obermayr et al. [29] showed that the BMI-mortality association was U-shaped in those with higher GFRs or no proteinuria whereas BMI had an inverse linear association with mortality in those with lower GFRs and proteinuria. Also, another included study [31] suggested that an increase in BMI was associated with a lower risk of death in stage 3 and 4 CKD. The association of being underweight with higher mortality is well documented in the general population as well as in hemodialysis patients, peritoneal dialysis patients, and kidney transplant recipients [2, 16, 19, 20] , and we observed a similar association of being underweight with a higher risk of death in NDD CKD patients. On the other hand, we observed that in stage 3-5 CKD, overweight and obesity class I were associated with a lower risk of death, whereas obesity classes II or III were not associated with risk of death. It should be noted that a meta-analysis in the general population has shown that being overweight is asso- ciated with a lower (rather than higher) risk of death and that obesity class I does not bear a higher risk of mortality [2] . Nevertheless, patients with stage 3-5 CKD have a differential association between obesity classes I-III and mortality as compared to the general population, indicating an obesity paradox in the CKD population. Obesity can lead to various adverse sequelae given the direct metabolic effects of increased adiposity, as well as its predisposition to diabetes mellitus and hypertension [33, 34] . Hence, our results seem paradoxical, as BMI levels in the overweight/mildly obese range were associated with the best outcomes, whereas morbid obesity was not associated with adverse outcomes. Several explanations have been posited for this so-called obesity paradox. For example, advanced CKD patients have a shorter life span that may provide little time for obesity to cause its adverse metabolic effects, and, at the same time, obesity may improve survival by providing better nutritional reserves for such patients [35] . Other potential underlying causes of the obesity paradox are explained elsewhere [6] .
In this study, we searched multiple databases using sensitive search strategies and included large studies (n ≥ 1,000) providing a higher accuracy and lower likelihood of publication bias. Also, our study selection and quality assessment were carried out in duplicate. However, our study possesses the inherent limitations of systematic reviews of observational studies. Despite being large and robust, the included studies' results were adjusted for only recognized and measured confounders. In addition, BMI was considered a surrogate of obesity even though it does not provide accurate information about adiposity or body composition. In fact, BMI reflects both fat mass and lean body mass; higher fat mass is associated with cardiovascular sequelae and unclear nutritional effects, whereas higher lean body mass provides higher nutritional reserves and protects against malnutrition-inflammation complex syndrome in patients with CKD as well as against a number of other chronic conditions [6, 35, 36] . Also, higher lean body mass generally represents more muscle mass and indicates better 'fitness', which is reportedly protective against the adverse effects of obesity [37, 38] . Nevertheless, BMI is commonly used in clinical practice to drive weight management and hence our results have clinical relevance. Progression to ESRD -unadjusted weights Progression to ESRD -adjusted weights Fig. 4 . Pooled HRs of progression to ESRD in underweight, overweight, and obesity classes I-III, respectively, compared to normal BMI. The BMI cutoff points between the above-mentioned BMI classes were 18.5 [24] [25] [26] or 20 [22] , 25, 30, 35 , and 40, respectively. Pooled HRs with adjusted weights derived from meta-analyses in which study weights were limited to ≤ 50%.
In conclusion, in stage 3-5 CKD, being underweight was associated with a higher risk of death, and being overweight or obese class I was associated with a lower risk of death; also, being obese class II or III was not associated with a different risk of death. As studies examining earlier stages of CKD were few, we did not draw net conclusions regarding the BMImortality association in this population. Our results indicated that in patients with NDD CKD, traditional weight management strategies may not be appropriate. The ideal BMI and the best ways to achieve it should be identified from randomized controlled trials. Before such information becomes available, a cautious approach to BMI-based weight management seems necessary in this population.
